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Abstract
Results of a relativistic model for pion- and photon-induced reactions on the proton are presented. The model is crossing
 .  .  .  .  .  .symmetric and gauge invariant. The nucleon resonances P 1440 , P 1710 , D 1520 , S 1535 , S 1650 , P 1232 ,11 11 13 11 11 33
 .  .  .P 1600 , S 1620 , and D 1700 have been included explicitly in the calculation. Unitarity within the channel space33 31 33
p N[g N below the two-pion production threshold has been achieved by using the K-matrix approach. Strong and
electromagnetic coupling parameters of the N ) resonances have been determined from a fit to the pion-nucleon phase shifts,
pion-photoproduction multipoles and Compton-scattering cross sections. The model is shown to describe simultaneously
most of the available data. Results for the electric and magnetic polarizabilities of the nucleon are presented. q 1998
Elsevier Science B.V. All rights reserved.
PACS: 13.30-a; 13.40.Hq; 13.60.Fz; 13.60.Le; 13.75.Gx
In recent years effective Lagrangian models have
been applied to pion-nucleon scattering p N“p N
w x w x1–5 , pion photoproduction g N“p N 6–11 , and
w xCompton scattering g N“g N 12 on the nucleon.
In these calculations where nucleon resonances are
explicitly included the interference between the reso-
nant and background contributions plays an impor-
tant role. From pion photoproduction calculations
w x13,14,6,11 it is known that the unitarity constraint
is important to obtain the correct interference. In
most calculations unitarity was imposed by using
 .Watson’s theorem in the D 1232 resonance channel.
w xIn Refs. 1,2,4,5 p N rescattering effects were stud-
ied in the framework of three-dimensional equations,
 .which also guarantee two-body unitarity.
In the case of Compton scattering strong con-
straints on the amplitude follow from unitarity and
causality. These constraints are usually formulated in
w xterms of fixed-t dispersion relations 15–18 by relat-
ing the imaginary part of the amplitude via the
optical theorem to the pion-photoproduction cross
section. Although such a dispersion relation ap-
proach has many advantages, unfortunately the link
with the decay properties of the nucleon resonances
is rather obscure. In particular, it is difficult to
extract parameters of the electromagnetic decays of
resonances N ) “Ng .
It is the purpose of this Letter to study all three
above processes in an unified approach based on an
effective Lagrangian model and unitarity, and to
0370-2693r98r$ - see front matter q 1998 Elsevier Science B.V. All rights reserved.
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extract the pion and photon couplings of the N )
’resonances below s ,1.7 GeV. The advantage is
that the different processes are calculated consis-
tently, therefore putting stronger constraints on the
w xparameters. In an earlier paper 19 a similar ap-
 .proach was used in the D 1232 resonance region.
’Here, energies up to s ,1.7 GeV are studied and
correspondingly the heavier nucleon resonances are
also explicitly included. The model is fully relativis-
tic, crossing symmetric, and for pion photoproduc-
tion and Compton scattering also gauge invariant.
A convenient approach for imposing the unitarity
constraint is to work with the K-matrix formalism. It
 .results from the Bethe-Salpeter BS equation in the
approximation where only the discontinuity part of
the loop integrals is kept. In other words, the parti-
cles forming loops are taken to be on the mass shell.
The S matrix in this approach is unitary and sym-
metric provided the K matrix is taken to be real and
hermitian. Thus choosing the tree-level diagrams as
 .the K matrix ensures two-body unitarity within the
model space p N[g N. Two- and multi-pion pro-
’duction channels become important at energies s ,
1.2 GeV. These additional decay channels can be
taken into account approximately by including the
corresponding width in the resonance propagator.
The reaction T matrix in the channel space la-
beled by the index csp N or g N is written
schematically as
i
˜X X X XX XX XX XXT sK q K G T , 1 .c c c c c c c c c c4
XX2p . c
˜with the appropriate two-body propagator G. The
˜minimal requirement for this G is the correct discon-
tinuity across the cut in the complex energy plane
’Ws s . This guarantees the unitarity of the S ma-
trix when the kernel K is hermitian. The discontinu-
ity can be obtained by applying the Cutkosky rules.
Since the S matrix in our approach is unitary, this
implies that Watson’s theorem for pion photoproduc-
tion as well as the optical theorem for Compton
w xscattering 20 are satisfied.
The K matrix is calculated from the tree-level
amplitude for pion-nucleon scattering, pion photo-
production and Compton scattering. This tree-level
amplitude contains the following contributions: In
the s- and u-channel exchange of the nucleon and
 . ) w x  .the four-star N resonances 21 : P 1440 ,11
 .  .  .  .D 1520 , S 1535 , S 1650 , P 1232 ,13 11 11 33
 .  .S 1650 , and D 1700 . We also include the31 33
 .  . w xthree-star P 1710 listed by the PDG 21 , al-11
though the PDG and the SM95 solution of the
w xVirginia Tech p N PWA 22 differ significantly for
 .the pole position, as well as the three-star P 160033
resonance, for which also the pole position is uncer-
 .tain. We do not include the D 1700 listed by the13
PDG as a three-star resonance, but not seen in
SM95. Also not taken into account are spin-5r2
 .resonances, in particular the D 1675 and15
 .F 1680 .15
Additionally included in the tree-level amplitude
 .  .are the t-channel exchange of s 760 and D 770
 .  .mesons for p N scattering, p 140 , D 770 , and
 .v 781 mesons for pion photoproduction, and
0 .  .p 135 and s 760 mesons for Compton scatter-
 .ing. The s 760 could be seen as a rough manner to
take into account a number of isoscalar t-channel
  .exchanges in particular, isoscalar two-pion, « 760 ,
.and ‘‘pomeron’’ exchange .
For the spin-3r2 resonances we take the most
general coupling to the p N and g N channels, in-
cluding off-shell contributions and the full Rarita-
Schwinger propagator. In this paper, we consider
’energies up to s ,1.7 GeV and assume that the
description in terms of nucleon resonances and t-
channel meson exchanges is adequate. For higher
energies, when one enters the Regge regime, one
faces acute problems such as issues related to
reggeizing the exchanges, duality, and possible dou-
 w xble counting. A recent model 23 is an example of
reggeizing t-channel exchanges for pion and kaon
.photoproduction at energies E )4 GeV.g ’Above the two-pion production threshold at s s
1.22 GeV the nucleon resonances acquire an addi-
 .tional two-pion decay width. For the D 1232 reso-
nance this additional width is negligible, while for
the heavier resonances we assume its energy depen-
dence to be of the form
4 x 22G W sG u W y mq2m , .  . .0 p21qx .
2 .
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Table 1
Results for the different N ) resonances: pole masses, one-pion
 .couplings, two- and multi- pion widths, and off-shell parameters
)
)N M G g ar 0 p N N p
resonance Model PDG Model PDG Model PDG
 .P 1440 1520 1440 372 230 6.272 5.14211
 .D 1520 1505 1520 90 54 1.909 1.537 y0.91013
 .S 1535 1535 1535 80 83 2.200 2.32611
 .S 1650 1700 1650 95 45 3.630 2.37511
 .P 1710 1710 1710 150 70 0.890 0.89011
 .P 1232 1224 1232 y y 2.050 2.116 y0.26533
 .P 1600 1650 1600 200 290 0.301 0.501 y0.25033
 .S 1620 1620 1620 112 112 3.641 2.31931
 .D 1700 1650 1700 200 255 1.189 1.284 q0.28033
where
322W y mq2m .p
xs . 3 .22 /M y mq2m .r p
Here, M is the resonance mass. The energy depen-r
dence is chosen such as to approximately take a
three-particle phase space into account. For the
 .S 1535 resonance the additional width comes11
mainly from the Nh decay channel; in this case, we
 .  .take m instead of 2m in Eqs. 2 and 3 . Theh p
parameter G is chosen for each resonance equal to0
the decay width outside the p N channel. This addi-
tional width is included in the resonance propagators
 .by changing M into M y i G W r2. The inclusionr r
of this additional width gives an imaginary part to
the K matrix, and accounts for all channels not
included in the space p N[g N.
Concluding the description of the model, we men-
tion that the above amplitude for pion photoproduc-
.tion and Compton scattering obeys gauge invariance
provided the K matrix is constructed to be gauge
invariant. Where there are no form factors in the
Born diagrams gauge invariance is satisfied, while
the resonance contributions are gauge invariant by
themselves also when form factors are included.
However, when form factors are included in the
p NN andror g NN vertices in the Born diagrams
additional terms are needed in the pion-photoproduc-
tion and Compton amplitudes to fulfill gauge invari-
ance. To construct these terms we have used minimal
w xsubstitution, following the method of Ref. 24 . In
particular, the additional terms for pion photoproduc-
tion reproduce the Kroll-Ruderman term when the
form factors are put equal to unity. We have checked
explicitly that the resulting amplitudes are indeed
gauge invariant numerically.
The parameters in the model have been fitted to
the Virginia Tech single-energy partial-wave ampli-
w xtudes 25 of Arndt and collaborators. The pion-
nucleon S-, P-, and D-wave phase shifts and inelas-
ticities for isospin Is1r2 and Is3r2 are fitted up
to T s820 MeV pion lab energy. The correspond-p
ing pion-photoproduction multipoles are fitted up to
E s805 MeV photon lab energy. Finally, Comptong
scattering cross sections are also included in the fit,
in particular, recent cross sections from Saskatoon
w xand Mainz 26–30 . The limited number of free
parameters see below and Tables 1 and 2 are strongly
constrained by such a combined fit. Anecdotal re-
sults of the fit are shown in Figs. 1–3. In the
following, we will focus attention to some particular
details of our results, discussing in turn pion-nucleon
scattering, pion photoproduction, and Compton scat-
tering.
The pion-nucleon phase shifts are well described,
although deviations start to show up at the upper
limit of the energy range considered. The inclusion
of an additional width in the propagator accounts
rather well for the observed inelasticities for pion-
nucleon scattering. However, the peculiar ‘‘satura-
tion’’ of the inelasticity in some partial waves, in
particular P , could not be reproduced completely.11
The P partial wave has more peculiar features. An11
attempt to describe it in our approach with one
‘‘Roper’’ resonance situated at approximately 1.44
Table 2
Results for the different N ) resonances: photon couplings, in-
 .  .cluding off-shell parameters. For the P 1710 and P 1600 no11 33
photon couplings were fitted. The comparison is to ‘‘Fit a5’’
 . w xresonance pole positions of Ref. 10
)
) )N g g a a1,g N N 2,g N N 1,g 2,g
resonance w x w xModel Ref. 10 Model Ref. 10
 .P 1440 y0.97 y0.40011
 .D 1520 5.12 3.449 4.78 3.003 y0.06 0.9513
 .S 1535 y0.56 y0.62311
 .S 1650 0.59 y0.20511
 .P 1232 5.14 5.416 5.54 6.612 y0.44 2.1133
 .S 1620 y0.51 0.14431
 .D 1700 1.74 1.895 4.75 3.921 4.19 5.7633
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Fig. 1. Pion-nucleon S-, P-, and D-wave phase shifts and inelasticities for Is1r2 and Is3r2. The curves are our model results, the
w xpoints are taken from the Virginia Tech single-energy partial-wave analysis 25 .
GeV failed. We find that the background contribu-
tion to this P phase shift due to t- and u-channel11
processes is rather large, about 608 at 1.5 GeV.
When a resonance at 1.44 GeV is added to such a
background, one obtains a phase shift that increases
rapidly to a value larger than 1808. An acceptable
description of the P phase shift could be obtained11
by placing an additional resonance at a higher energy
’of s s1.71 GeV.
As mentioned, off-shell form factors for the nu-
cleon resonances have been introduced in the model.
We have not investigated the importance of the
detailed dependence on the invariant mass and merely
adjusted the cutoff. The form factor is normalized to
unity at the resonance and suppresses the resonance
contribution at higher and lower invariant masses.
This choice thus leads to a suppression of in particu-
lar the u-channel exchange diagrams. This could be
w x )justified in the cloudy-bag model 31 where an N
resonance is considered as a mixture of the three-
quark and p N scattering states see also the discus-
w x.sion in Ref. 8 . The cutoff form factors are taken to
depend on the invariant mass of the intermediate N
or N ) , that is, on the Mandelstam variable s for
( )A.Yu. Korchin et al.rPhysics Letters B 438 1998 1–8 5
 .  .Fig. 2. Electromagnetic multipoles in mfm. The solid dashed curves are the real imaginary parts of the multipoles. The points are taken
w xfrom the Virginia Tech single-energy partial-wave analysis 25 .
s-channel exchanges and on u for u-channel ex-
changes, ˝iz.
L4
F x s , . 24 2L q xyM .r
where M is the nucleon or resonance mass, and xr
equals s or u. In this way the crossing-symmetry
properties of the amplitudes remain the same as for
the case without form factors. The cutoff mass of the
form factors has been set to 1.2 GeV. The results are
not very sensitive to the precise value.
The p N )N coupling for spin-3r2 resonances
contains two parameters, the strength g and the
off-shell parameter z , which determines the cou-p
pling to the spin-1r2 sector of the Rarita-Schwinger
w xpropagator 13,32 . In the following, we will also use
 .the parameter a sy 0.5qz . It is known thatp p
this off-shell parameter is important for a good de-
w xscription of pion photoproduction 6,10 and Comp-
w xton scattering 12 . We found that the main effect of
adjusting z is an overall shift in the spin-1r2p
 .channel with the same isospin and opposite parity
as the resonance channel. The influence of the off-
 .shell parameter for the P 1232 resonance on the33
S partial wave and of the off-shell parameter for31
 .the D 1520 on the S and P partial waves are13 11 11
especially pronounced. The value of the off-shell
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Fig. 3. Differential cross sections for proton Compton scattering
 .top and middle and cross sections at u s758 and u s908cm cm
 . w x  .bottom . The data points are from 26 angular distributions and
w x  .from 28–30 at fixed photon angles . The curves are the results
of the present model.
 .parameter for the D 1232 favored by the fit, a sp
w xy0.265, is close to the ‘‘Peccei value’’ 13,32
z sa sy0.25.p p
In this connection, we mention the tree-level cal-
w xculations of pion photoproduction of Refs. 8,10 . In
w xparticular, in Ref. 8 u-channel contributions had to
be suppressed in order to get a reasonable agreement
with the pion-photoproduction data. However, the
off-shell coupling of all the spin-3r2 resonances
were set to z sy0.25 from the beginning. In Ref.p
w x10 , on the other hand, these parameters were deter-
mined from the data; the resonance parameters ex-
w xtracted were quite different from those of Ref. 8 .
w xThe authors of 10 also used a cutoff only for the
u-channel diagrams, different from our prescription.
For the p N )N couplings, we assume a derivative
coupling of the pion. For the p NN case, e.g., we
take the standard pseudovector Lagrangian. For the
 .D 1520 resonance a very specific coupling was13
required. The general Lagrangian is, with RsD ,13
f i Eup NR
L s N 1yx qx .p NR
m MqMp R
= g qa g g E apPt g R b qh.c. .ab p a b 5
4 .
For xs0, a strong coupling to the ‘‘negative-en-
ergy’’ components of the nucleon results, leading to
an undesirable resonance-like peak in the P partial13
wave. For nonzero and increasing x this coupling
becomes more-and-more suppressed, and a reason-
able description of the P phase shift is possible for13
xs0.5.
In Table 1, we list the results for the different
resonances, their pole positions, one-pion couplings,
 .and additional two- and multi-pion decay widths.
For the spin-3r2 resonances we also give the off-
shell parameters z and z , z . The one-pionp 1,g 2,g
couplings are in general in good agreement with
those listed in the Tables of the Particle Data Group,
 .  .although for the S 1650 and S 1620 they are on11 31
the high side.
w xThe pion-nucleon coupling constant is fixed 33
to g s13.02. For the coupling constants of thep NN
 .D 770 we get the following results: g s6.07 isppD
taken from the two-pion decay width. In the fit we
get then for the couplings to the nucleon: g s4.12D NN
and k s1.79. The fit is only sensitive to the prod-r
uct g g . When we assume, following Sakurai,ppD D NN
universal coupling of the vector mesons to the isospin
current, we have g sg s5.00. Our result forppD D NN
k is significantly lower than the prediction k s3.71D D
from vector dominance of the nucleon electromag-
 .netic form factors. The v 781 coupling constant
 .g follows from assuming SU 3 symmetry, idealNNv
mixing of the vector mesons, and Sakurai’s univer-
sality as g s3r2 g s7.50. Vector domi-NNv NND
 .nance gives k sy0.12. The s 760 couplings tov
w xthe nucleon and pion are defined as in Ref. 3 , ˝iz.
L syg NNs ,NNs NNs
L syg m pPp s , 5 .pps pps p
where only the product g g appears in thepps NNs
p N scattering amplitude. We get g g s4.7.pps NNs
( )A.Yu. Korchin et al.rPhysics Letters B 438 1998 1–8 7
In general, a good fit of the electromagnetic mul-
tipoles in pion photoproduction has been obtained.
The resulting photon couplings to the different reso-
nances can be found in Table 2. The meson-photon
coupling constants are determined from the decay
w x " 0widths 8 : g s0.103, g s0.131, and gD pg D pg vpg
s0.313.
It is found from fitting the Compton scattering
cross sections that the parameters of the DNg vertex
are determined rather accurately by these data. In
particular, the near-vanishing of the cross section at
forward angles close to the pion-production thresh-
old is due to a cancellation between nucleon and
 .  .D 1232 contributions. At large angles the s 760
meson gives an important contribution to the cross
section, while the t-channel contributions vanish at
forward angles where ts0. The p 0-exchange con-
tribution is fixed without free parameters from the
w xaxial-anomaly Lagrangian 34
e2 g 0p gg m n a b 0
0L s « E A E A p , 6 .p gg mna b
02mp
where g 0 sN m 0r12p 2 f s0.038 with N s3p gg c p p c
and f s92.4 MeV. The photon coupling to thep
s-meson is
e2 gsgg m nL s E A E A yE A s , 7 . .sgg m n n m2ms
where g is determined accurately from thesgg
Compton data; we found g g sy5.65, whichsgg NNs
for g sy0.565 corresponds to the s“gg de-sgg
cay width Gs10.15 keV.
 .  . )Apart from the P 1232 and D 1520 , the N33 13
resonances make a negligible contribution to Comp-
ton scattering. The Compton data are sensitive mainly
to the DNg couplings and the sgg coupling. Since
the DNg parameters are also strongly constrained by
the pion photoproduction multipoles, a simultaneous
fit of both processes is not trivial: one essentially has
only the sgg coupling to adjust in fitting Compton
cross sections.
The model predicts the electic and magnetic po-
larizability of the proton. At the real photon point,
1  .  .  .  .we obtain : a 0 qb 0 s8.23 and a 0 yb 0 s
1 The polarizabilities are given in units 10y4 fm3.
3.05. Hence, our result for the electric polarizability
 .is a 0 s5.64, which is too small. The magnetic
polarizability is bs2.59, which agrees well with
w xexperiment 35 : the ‘‘global average’’ data for the
 .  . .  .proton are a 0 s 12.1 0.8 0.5 and b 0 s
 . .2.1 0.8 0.5 . It is not obvious why the electric polar-
izability is underestimated. This remains to be inves-
tigated, but it is likely related to the fact that the
modelling of two-pion exchange by a sharp s-meson
is too crude. Also the fit to the Compton-scattering
data leaves room for improvement. In this connec-
tion we mention calculations in Heavy Baryon ChPT
where the polarizabilities come from pion-nucleon
 .  .loops. The predicted values are: a 0 s10.5 2.0 ,
 .  . w xb 0 s3.5 3.6 36,37 .
In summary, we have presented results for pion-
nucleon scattering, pion photoproduction, and Comp-
ton scattering using the K-matrix formalism. The
model used is fully relativistic, crossing symmetric,
and gauge invariant. Due to the simultaneous de-
scription of the three different processes, our model
correlates a huge amount of data, resulting in a
strongly constrained fit. The four-star resonances
’below s ,1.7 GeV have been included explicitly
and the p N )N and g N )N couplings have been
determined from a fit to the available partial-wave
amplitudes and cross sections.
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